The microstructure and nonohmic properties of SnO 2 -Ta 2 O 5 -TiO 2 − CuO varistor system were investigated. The proposed samples were doped with different contents of CuO (0-6 mol%) and sintered at 1400 • C for 2 h with conventional ceramic processing method. In all the samples, the commonly identified phase was SnO 2 (rutile); however, with increasing doping amount of CuO, the peaks of CuO phase emerged in the X-ray diffraction (XRD) patterns. Scanning electron microscopy (SEM) examination on the fractured surfaces of the samples revealed that a minor amount of CuO dopant can facilitate the sintering of the varistor ceramics, but excessive CuO would mainly segregate at grain-boundaries. The doped CuO may also act as a modifier in the SnO 2 based varistors. The measured electric-field versus current-density characteristics of the samples indicated that both nonlinear exponent and varistor voltage increased with increasing doping amount of CuO up to 3 mol% and then decreased with excessive CuO.
Introduction
SnO 2 varistors are semiconducting electro-ceramic devices, which possess nonlinear voltage-current characteristics due to their grain-boundary effects formed commonly by sintering SnO 2 powder with minor additives (impurity), although pure SnO 2 ceramics also exhibit linear voltage-current properties even at any sintering condition. Specifically, the impurity-doped SnO 2 ceramics are very similar to a ‡, § Corresponding authors.
back-to-back zener diode, in which the thin insulating intergranular layers surrounding SnO 2 grains are formed through sintering, endowing excellent energy handling capabilities to the ceramic materials. As a result, they can be applied extensively to protect electronic circuits, various semiconductor devices and electric power systems from dangerous abnormal transient overload.
1,2
For the impurity-doped SnO 2 varistors, Pianaro et al. made the most important enlightenment to the knowledge of varistor behavior.
3 Based on the series of studies on SnO 2 based varistors for decades, it is commonly known that a suitable design for the doping of SnO 2 varistors is involved with three types of dopants, namely, resistance reducers (varistor forming oxide, VFO), densifiers and modifiers. 4 Normally, the VFOs with high valence element like Nb 5+ (Refs. 
Experimental Procedure

Sample preparation
The samples were prepared using a conventional ceramic processing method with a nominal composition of (95.95-x) mol% SnO 2 + 0.05 mol% Ta 2 O 5 + 4.0 mol% TiO 2 + x mol% CuO (x = 0, 1.0, 2.0, 3.0, 4.0, 6.0) on the basis of Ref. 20 . All the oxides were raw powders of analytical-grade. Initially, the raw powders were mixed in de-ionized water and ball-milled in polyethylene bottle for 24 h with 0.5 wt% of PVA as binder and ZrO 2 balls as grinding media. Subsequently, the obtained slurries were dried at 110
• C in an open oven. After drying, the powder chunks were crushed into fine powders, sieved and pressed into pellets of 6 mm in diameter and 1.5 mm in thickness under a pressure of 40 MPa. Then the pressed pellets were sintered in a muffle oven by heating the samples at a rate of 300
• C/h up to 1400
• C, fixing at this temperature for 1 h, and subsequently cooling naturally to room temperature. To measure the electrical properties, Ag electrodes were prepared on both surfaces of the sintered disks with a heat treatment at 800
• C for half an hour.
Materials characterization
The X-ray diffraction (XRD) analysis was carried out on a D/max2550HB+/PC diffractometer (CuK α , λ = 1.5418Å) using a continuous scanning mode with a speed of 8
• /min. The microstructure of the sintered samples was examined by a scanning electron microscope (SEM, Tescan XM5136) which was attached with an energy dispersive X-ray (EDX) spectrometer. A high-voltage source measurement unit (Model: CJ1001) was used to record the characteristics of the applied electrical field versus current density (E-J) of the samples. All the measurements were performed under relatively dry environment and at room temperature. The varistor voltage (V B ) was determined at 1 mA/cm 2 (Ref. 21 ) and the leakage current (I L ) was the current density at 0.75V B . Moreover, the nonlinear coefficient (α) was obtained by the following equation:
where E 1 and E 2 are the electric fields corresponding to J 1 = 1 mA/cm 2 and J 2 = 10 mA/cm 2 , respectively. rutile tin oxide lines were found in the sample without CuO. In the doped samples, additional peaks of CuO phase became evident especially when the doped content of CuO was over 2.0 mol%. Figure 1(b) shows the evolution of the calculated lattice parameter a of SnO 2 in the samples with respect to the doping level of CuO. Although the lattice parameter of SnO 2 in the doped samples was a little bit bigger than that of SnO 2 in the nondoped sample, it generally fluctuated in the range of calculation errors, implying almost no significant change after the doping of CuO, because the radii of Sn 4+ (0.071 nm) and Cu 2+ (0.072 nm) ions are almost identical. Considering all these facts, it can be deduced that only a very small part of the doped Cu 2+ ions dissolved into tin oxide lattice, while most of them congregated at the grain boundaries, because although the radius mismatch between Cu 2+ and Sn 4+ is small, CuO is still much less soluble in SnO 2 due to the difference in their crystal structures. In addition, no tantalum oxide and titanium oxide peaks were found in all the samples. The reason for the former is, most possibly, that the doping content of tantalum oxide was too small. For the latter, it is believed that the doped Ti 4+ ions dissolved into SnO 2 lattice, owing to the same crystal structure of SnO 2 as TiO 2 and the small radius mismatch between Sn 4+ and Ti 4+ (0.068 nm).
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Figure 2 displays typical SEM images on the fractured surfaces of the asprepared SnO 2 -Ta 2 O 5 -TiO 2 based varistor ceramics doped with different concentrations of CuO. The images reveal that the doping of CuO can promote the growth of SnO 2 grains and facilitate the sintering of the samples. Moreover, a small doping amount of CuO is enough to make the samples dense. In the present study, it seems that the samples with 1 mol% CuO have already become fully dense, while samples with CuO more than 3 mol% were having many pores. Considering the relatively low melting point of CuO (1326
• C) among all the used chemicals, even before reaching the sintering temperature (1400
• C), CuO begins to transfer into liquid phase. For this reason, while it facilitates the densification of the samples with the aid of CuO liquid, the SnO 2 grains in the as-prepared samples tend to grow up, and it is also possible that the grains grow inhomogeneously due to the nonuniform distribution of CuO flux during cooling process.
Besides the liquid sintering effect, Cu 2+ is also able to create oxygen vacancies when taking up the position of Sn 4+ ion inside tin oxide lattice. This process can be described by the defect reaction:
where the Kröger-Vink marks were used. The oxygen vacancies are essential for the activation of diffusion and material transport mechanisms. [22] [23] [24] However, excessive CuO dopants would cause quite different morphologies. With increasing doping content of CuO, the typical structure of alternative grain and grain-boundary in the sample with appropriate amount of CuO [see in Fig. 2(b) ] becomes gradually into a vague image of SnO 2 grains coated with segregated CuO layers in the samples with excessive CuO [see in Figs. 2(c)-2(f)], which is consistent with the deduction from the XRD analytical results. Furthermore, lots of holes/pores in different sizes appear in the samples with excessive CuO, either inside the grain or at the grainboundary as displayed in the magnified view [see in Fig. 2(g) ], because with too much of CuO liquid, the inhomogeneous growth of SnO 2 grains will easily result in more pores. A detail worth-noticing is to make a difference between the holes penetrating the grain and normal pores. The former ones most probably originate from the evaporation of CuO congregation or the existence of high viscosity CuO liquid phase hindering the draw-off process of pores, while the latter ones result from local insufficient sintering. In addition, EDX spectra were recorded on a typical sample as shown in Fig. 2(d) . The results are presented in Fig. 3 . From this figure, it can be seen that, Ta and Ti atoms exist both in the SnO 2 grains and at the grain boundaries, and the compositional analysis indicated that there is no distinct composition difference in them there, which supports the solubility of Ta and Ti in SnO 2 grains as mentioned above in XRD analysis. However, it was found that the doped CuO distributed inhomogeneously in the sample, and the composition of Cu atoms in the SnO 2 grains was lower than that at the grain boundaries, which confirms the deduction on the segregation of CuO at the grain boundaries in the samples in XRD analysis when excessive CuO was doped. It must be noted that the recorded Au comes from the Au of this film on the samples for electrical conductivity during SEM observation.
Electrical properties
In Fig. 4 we present the E-J characteristics of the as-prepared SnO 2 -Ta 2 O 5 -TiO 2 based ceramic varistors doped with different contents of CuO, and their corresponding electrical parameters calculated from the E-J curves are illustrated in Fig. 5 as a function of the doping content of CuO. It can be seen from Fig. 4 that the nondoped sample has no signal of showing nonlinear electrical property before reaching the voltage limit of the measuring device, and the slope of quasi-linear curve is very low for the sample doped with 1 mol% CuO. With more CuO added, typical nonlinear curves with sharp knee were obtained, but with excessive CuO doped, the nonlinear performance of the samples would be deteriorated. In the designed SnO 2 - Ta Since the present samples with CuO dopant more than 1 mol% could achieve good densification, the remarkable increase in nonlinear exponent deserves special attention. The variation of CuO additive content from 1-2 mol% brings about a transition in grain-boundary characteristics, i.e., a clean grain-boundary as shown in Fig. 2(b) is replaced by a secondary phase accumulating counterpart in Fig. 2(c) . Thus, it can be seen that in the latter one the CuO intergranular insulating layer separates at two semiconductive SnO 2 grains and forms the barriers. This kind of structure is far from a typical ideal SnO 2 varistor in which almost no intergranular phase can be observed 20 ; on the contrary, it more resembles a ZnO varistor doped with lots of bismuth oxide or praseodymium oxide. 25 In such case, the electric transport occurs by tunneling across the barriers which is responsible for the electrical nonlinearity of the varistors. So, in the present samples, CuO dopants not only perform a role of densifier, but also modify the insulated depletion layer to enhance the nonlinear characteristics of the prepared varistors. But the fine nonlinear properties would be corrupted immediately when the SnO 2 grains were fully coated by CuO, while the sample densification was reduced after excessive CuO was doped, which is also partially responsible for the corruption of the nonlinear performance of the samples due to the electric transport through pores. 25 In addition, the effect of Ta 2 O 5 was confirmed to lead to an increase in the electronic conductivity in the grain, one of the direct ways to improve the nonlinear electrical properties of varistors.
10 Followed by the defect reaction between Ta 2 O 5 and SnO 2 , free oxygen comes into being. The oxygen will be partly adsorbed at SnO 2 grain boundaries, and the adsorbed oxygen may easily capture electrons or react partially with negatively charged defects to become into
These adsorbed negatively-charged oxygen species are essential to the Schottky barrier formation and also responsible for the improved electrical nonlinearity of the varistors. The function of the adsorbed oxygen in the formation of boundary barriers can be found in Ref. 26 . Except for the nonlinear exponent, with increasing doping content of CuO, the varistor voltage and leakage current of the present samples also vary regularly: the former increases initially and then decreases, while the latter does with an opposite trend to it. Such a variation of leakage current is in accordance with the normal law corresponding to the change in nonlinear exponent. Higher nonlinear exponent means steeper E-J curve at the beginning part, certainly resulting in a lower leakage current in most cases. 20, 25 Moreover, when small amount of CuO was doped, the improved dense structure would also be beneficial to decrease the leakage current, while with excessive CuO, the reduced sample densification will result in high leakage current due to electrical concentration at the hot-spots of pores. 27 As for the varistor voltage of the prepared samples, the initial increase can be seen as a result of the formation of inter-granular secondary phase layer and dense structure, and the subsequent decrease stems from the destruction to the thin insulating layers on the SnO 2 grains and reduced sample densification. The aforementioned insulating intervals with dense structure raise up the potential barrier significantly.
27 Therefore, once they are overspread and connected to one another as illustrated in Figs. 2(e) and 2(f), short-circuit will occur, finally resulting in declined varistor voltage.
Conclusions
The microstructure and nonohmic properties of SnO 2 -Ta 2 O 5 -TiO 2 based varistors doped with different contents of CuO (0-6 mol%) were investigated. As a densifier, CuO phase was detected and mainly distributed in grain boundary region when its doping content was over 2 mol%. And CuO may also act as a modifier to SnO 2 based varistors. An appropriate addition amount of CuO would result in increasing varistor voltage and nonlinear exponent, and thus decreasing leakage current. For the designed ceramic varistors, the optimum doping content of CuO is 3 mol%, presenting varistors with maximum nonlinear exponent of about 14, almost highest varistor voltage of approximately 670 V/mm, and lowest leakage current of about 140 µA/cm 2 .
